INTRODUCTION
The well known rearrangement reactions in isolated ('gaseous') [C,H,]+ fragment ions formed from toluene, cycloheptatriene and many of their derivatives in the mass spectrometer are often preceded by skeletal rearrangements in the corresponding molecular ions themselves. Since the classical work of Meyerson and his co-workers' both sets of rearrangements (which will be distinguished in the following by the terms '[GH,]+-type' and '[C,H,]+'-type isomerizations') were investigated thoroughly using different m a s spectrometric methods, and the results have been reviewed several As far as the [C,H,]"-type rearrangement reactions in toluene, cycloheptatriene and related molecular ions are concerned there are several competítive isomerization pathways. For example, Baldwin, McLafferty and Jerina observed at least four different (hydrogen and skeletal) rearrangement mechanisms in variously labelled toluene molecular ions.6 However, it is obvious for al1 [C,H,]+' (and [GH,]+)-type isomerizations that they can be observed only by means of succeeding fragmentation reactions, which in general require rather high interna1 energies. For example, the above mentioned rearrangements must take place in toluene radical cations excited by at least c. 5 .06,, and even 12.2 eV" (c. 115 and 280 kcal mol-l) for them to be able to expel CH, and 'CH,' fragments. It is noteworthy that upon electron impact, evep loss of H' T Author to whom correspondence shouid be addressed. from toluene and cycloheptatriene requires a minimum energy of 2.9 and 1.7eV7b (67 and 39 kcal mol-'), respectivly. This appears to be sufñcient to produce interconverting [C,H,]+' molecular ions. Thus, the: experimental investigation of the activation barrier for e.g. [C,H,]+'-type isomerizations by succeeding fragmentations is Iimited principally to an estimation of a rnaxirnum value which can be derived approximately from the activation barrier or appearance energy of the most favourable fragmentation pathway.
However, there exists a second experimental approach which has not been used thoroughly untii now.
If the parent molecular ion (e.g. [C,H,]" from toluene and cycloheptatriene) is enlarged suitably to allow an additional fragmentation (or isomerization) pathway of a particiilarly low activation energy, the otherwise observed isomerizations of the molecular ions can no longer OCCUT. In this case a rninirnurn value for the isomerization processes can be estimated if the energy requirement of the additionai reaction channel is known. An application of the Iatter approach has become of particular interest because the energy proñles d isomerization reactions o€ ions, some of which have been determined recently,' can be investigated also by theoretical r n e t h o d~.~, '~ Dewar and Landman"' calculated the isomerization and fragmentation pathways of toluene and cycloheptatriene molecular ions by means of the semi-empirical MIND0/3 method. Therefore, in the case of the [C,H,]+-type isomerization, the results of the experimental and theoretical approaches can be compared. ISOMERIZATION One example for the conservation of a toluene-like structure before fragmentation is represented by the molecular ions of 1,3-diphenylpropane (l)." The six hydrogens in the meta and para positions of the phenyl rings are not involved in the H transfer steps,'lb and thus the [GH,]+'-type isomerizations known from other arylaliphatic hydrocarbon radical cations appear to be suppressed by the energetically more favourable isomerization and fragmentation pathways. 'la,' l b In order to study this effect in more detail, four isomers of 1, 1-(7-cycloheptatrieny1)-2-phenylethane (2) and the three 1-phenyl-2-tolylethanes (3, 4 and 5 ) and their phenyl-d, analogues (2a-5a), have been synthesized (Table 1) . The m a s spectral fragmentations of these five [C,5H,h]+' isomers differ significantly, especially at very low interna1 energies allowing an experimental estimation of a lower limit to the activation energy for the [GHJ'-type isomerization.
RESULTS
Fragmentations of unstable and of metastable molecular ions Table 2 shows the relative abundances of fragment ions containing 7 and 8 carbons (herein after referred to as the C7 and C, fragment ions), mlz 89-92 and mlz 102-106, respectively formed within the ion Table 2 . Relative abundances of the C, and C, fragment ions" formed from the isomers R-CH2CH2C6H5 (1-5) and R-CH,CH,C,D, (la-5a) within the ion source 6 t h 70 eV electrons and relative abundances of the (uniabeiied) molecuiar ionsb Table 1 ).
In %~,,[F]'.
source at 70 eV and their relative portions of the total ion current. As expected, the 70eV m a s spectrum of 1 differs markedly from those of the isomers 3, 4 and 5. While the latter are governed by the ions corresponding to a formal benzylic cleavage, i.e. [ [2] + is much lower than those of the four diaryl isomers. Thus, the 70 eV mass spectrum of 2 reflects well its original structure, suggesting that the unstable [2] " molecular ions retain the structure of a 7-arylalkyl-cycloheptatriene.
By labelling one phenyl group of each isomer the contributions of the different moieties of the molecular ions to the formation of the C, and Cx fragment ions can be distinguished. Due to its symmetry, [ Table 3 shows the relative abundances of the C, and C, ions formed within the first field free region (1st FFR), and Table 4 represents the complete sets of fragmentation channels of the unlabelled molecular ions occurring within the 2nd FFR of a double focus- Further evidence for the preservation of the three types of structures can be achieved from the mass shifts of the C, and C, fragment ions by the deuterated metastable molecular ions (Table 3 ). Whereas the The abundance patterns of the C, ions reveai further interesting differences with respect to the origin o€ these ions. As expected, in the case of [la]+.
both [C,(H, D),]+' and [C,(H, D)9]
' are formed equally from both phenethyl groups of the parent ions, the abundance pattern (Table 3) The whole of the various fragmentation reactions of the metastable (unlabelled) molecular ions within the 2nd FFR are shown in Table 4 . As expected, the relative abundances of the C , and C, ions correspond closely to those observed in the 1st FFR (Table 3) .
Apart from this the loss of small neutrais from [2]" is significantly more pronounced than from the other isomers. Indeed, this observation is consistent with the m a s spectral behaviour of olefinic and aromatic com-
Summarizing the resuits at this point reveals that 
IoniZation and appearance energies
In order to estimate the energy requirements for the formation of the C, and c 8 fragments, the ionization and appearance energies, I(M) and A([F]+), have been determined (Table 5 ). The ionization energies are well in the order expected for ionization of the original benzyl, cht and tolyl groups, respectively.
The appearance energies are in line throughout with the relative abundances of the corresponding ions formed from the rnetastable molecular ions (Tables 3  and 4 ).14 Accordingly, 2 is the only isomer which exhibits approximately equal appearance energies for ail of the four C, and C, fragment ions. Contrary to this, the A([C,H7]') values for 1 and 3-5 should exceed the true 'thermodynamic' energy requirements by far due to considerable competitive shifts; hence they are not taken into account in the estimation of the isomerization barrier (vide infru). Unfortunately, the ionization efficiency curves of the fragment ions are not parallel to those of the standard, so that the other A([F]+) values might be also too high to a certain degree." It can be assumed, however, that this source of error does not invalidate seriously the following conclusions (see also Experimental).
The
release of kinetic energy16 in the formation of [C,HJ', [C,H,]+' and [C,H,]+ from the metastable molecular ions [l]+'-[S]
+ is found to be small (17-21 meV, *lo%, as determined from the peak width at half-height). Thus, these fragmentation reactions occur without significantly large reverse activation energies and without being preceded by a rate-determining isomerization process.8b,8d
DISCUSSION
Negiecting a detailed discussion of the energy data the fragmentation of the metastable molecular ions suggests that each of the five isomers [1]+'- [5] '' retains its original carbon skeleton. In every case, however, various isomerization reactions do occur via hydrogen shift and/or 'long range hydrogen transfer"lb reactions. Whereas the latter are well known, especially from molecular ions which contain both aromatic and long chain aliphatic groups,17 the former are characteristic for the positive (radical) ions of olefinic hydrocarbons as e.g. cyclohexeneI8" and isobutene.lsb Thus, it is not surprising that the cht isomer (Fig. 3) . The same should hold for the para isomer [5r', which (Fig. 3) . In these cases, however, the formation of energetically most favourable methyltropylium ions (from a hypothetical cht -*e isomer assuming appropriate hydrogen shif ts) cannot be excluded from a combination of the slow fragmentation (Tables 3 and 4 ) and the energetic data done. The only but yet conclusive evidence for the presevation of the original carbon skeleton in [3] ance energies may be too high to some extent (particularly that of the latter reaction) because of some kinetic shift and of different slopes of the ionization efficiency curves (Table 5) . Thus, the estimated lower limit (265 kcal mol-') might exhibit an error of C. I 5 kcal mol-', besides that arising from the limited reproducibility of the appearance energy data. Expressing the height of the isomerization barrier (E&,,) independently, i.e. as a characteristic feature for the (substituted) [GH,]" grouping, the above estimate yields ELm>33 f 5 kcal mol-l for a monoalkylbenzene, E&,>20*5 kcal mol-' for a 7-alkylcycloheptatriene and E&,>4015 kcal mol-' for a dialkylbenzene radical cation. Complementary to these lower limits, upper limits to the isomerization bamer can be estimated from energy data known for favourable fragmentation reactions of [C,H,]"-Spe radical cations which do undergo skeletal isomerization. Some selected examples are compiled in Table 6 . The energy requirements for loss of H' from the molecular ions of toluene, the higher alkylbenzenes and diphenylmethane suggest an upper limit of E:om< 58 kcal mol-l. The threshold for loss of CH,' from the ethylbenzene radical ion is still considerably lower, but unfortunately there is no conclusive evidence as to whether the metastable, i.e. low energy, ions undergo the ring expansion. It was argued by Yeo and Williams26 that the isomerization barrier for ethylbenzene would be E200,>2.3 eV = 53 kcal mol-l, based on the specific loss of the original p-CH, group from the unstuble molecular ions formed at 70eV.l It is obvious, however, that this is not sufficient evidence for an estimation of ELm since metastable ions might nevertheless have isomerized prior to CH,' loss (6. Ref. 27 ). This is supported by the finding that the metastable molecular ions of 1-chloro-28a and 1-brom0-4-ethylbenzene~~~~~~~ do isomerize to the corresponding cht isomers.
Whereas it follows from these arguments that E:,, < 50 kcal mol-' (Table 6 ), the appearance energies which can be deduced from Dunbar's photodissociation c~r v e s~~ point to an upper limit of E,$,,< 45 kcal mol-' for monoalkylbenzenes and E:,, 53 kcal mol-' for dialkylbenzenes.
Thus, it is posible to bracket the true height of the isomerization barrier from experimental evidence. It is very interesting that the range of 33<E,:,,< 45 kcalmol-' deduced in the present study for monoalkylbenzenes agrees very well with Dewar's and Landman's semi-empirically calculated ('theoretical') values of 33.6 and 34.2 kcal mol-' for [GH,]" from toluene (obtained on the basis of two different mechanisms)."" The present results suggest that the true value should be closer to the lower limit than to the upper one estimated above, strongly supporting the calculated height"' of the isomerization barrier.
Contrary to this, the estimated energy barrier for ring contraction of cycloheptatriene-type radical cations (20 < E,$,, < 36 kcal mol-l) cannot be compared reliably with the corresponding theoretical values (39.2 and 39.8 kcal mol-' ' O' ), since, as pointed out by the authors,"' the vertical ionization energy of cycloheptatriene (and its derivatives) depends unusually strongly on the geometry of the ground state neutral molecules. On the other hand, the isomerization barrier estimated for the radical cations of dialkylbenzenes (40 <E&, < 53 kcal mol-')-which has not been calculated yet-should be similarly reliable as has been found in the case of monoalkylbenzenes. Indeed, it seems reasonable to assume that an additional alkyl group at the ionized aromatic nucleus increases the isomerization barrier simply by decreasing the ionization energy of the parent molecules, whereas the thresholds for (skeletal) isomerization and for fragmentation should both be influenced to a much smaller extent (6. Fig. 4) .
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Substituents other than alkyl may influence more effectively the height of the [C,H,]+' type isomerization barrier. Thus, strongly electron donating -E substituents3' as e.g. OCH, seem to stabilize31 the initially formed (radical) cation towards isomerization whereas electron withdrawing +E substituent~~' as e.g. CN3, and NO, 'Od possibly decrease slightly the isomerization barrier.
EXPERIMENTAL
Mass spectrometric measurements
The mass spectra (Table 2) were measured with a Varian MAT 311 A double focusing instrument (n magnetic sector followed by 7r/2 electric sector) and represent the average of two sets of at least four scans taken 011 two different days. Operating conditions: electron energy 70 eV, emission current 2 mA, accelerating voltage 3 kV, source temperature c. 250 "C. Samples were introduced via a water-cooled direct inlet system using an aluminium crucible closed by a cap with a very small hole. The crucible was heated slightly in order to achieve a nominal source pressure of 5 3 x lop6 Torr.
Compounds 1 and l a were remeasured in this manner and showed no significant deviations from the previous results." The 70 eV mass spectra of the cht isomers 2 and 2a were found to be temperature dependent; without heating the ion source, 2a showed a drastic increase of the peak at mlz 91 and a corresponding decrease at mlz 96 and m / z 97. The effect of temperature on the relative abundances of the 'C8' ions was not investigated. As already noted for 1 and its labelled analogues,'lb the mass spectra of 2 and 2a are markedly sensitive to focusing conditions of the ion source. Therefore, al1 spectra which are compared with each other in the present paper were recorded at approximately constant focusing potentials, yielding a reproducibility of c. * 5 YO.
The fragmentation of the metastable molecular ions within the 1st FFR region (Table 3) was measured on the same instrument at fixed magnetic and electric sector fields by increasing the accelerating voltage (U, = 1 kV) keeping al1 other conditions unchanged. The fragmentation of the metastabie molecular ions in the 2nd FFR (Table 4) Ionization and appearance energies ( Table 5 ) were measured semi-automatically with a Vacuum Generators MM 12B single focusing instrument at an emission current of 20mA. The samples were introduced via the high temperature inlet system (15OOC) to give a nominal source pressure of < 1.0 X Torr at a source temperature of c. 200°C. The data were obtained from three to five independent runs for each compound and were evaluated using the semi-log plot method of Lossing, Tickner and Br~ce.',~ Although the ionization efficiency curves of the fragment ions were not parallel to those of the corresponding molecular ion and of the standard, the error might not be too serious as a control evaluation of A[C,H,]' from 2 using Warren's extrapolated voltage difference rnethodz3' showed no significant deviation.
Preparation of compounds
The preparation of 1 and la has been described previously." The deuterium contents of la and the other deuterated isomers are given in Table 1 . ([do] and [d,,] , respectively) is produced as a co-product. This contamination can be reduced to ( 5 % (from 'H NMR) after distillation ( b . p .~, o~~.~ 89-100 "C) and fractional distillation (b.p.,,,,,., 87-88 "C, yield 37-41%), followed by fractionated crystallization of the corresponding 1,4-diphenylbutane. The 'H NMR spectra (CDC1,) of both 2 and 2a were consistent with the exclusive formation of 7-aralkyl substituted cycloheptatrienes (cf. Refs. 19 and 46); T = 8.0 (m, l-CH, and H7), 7.2 (t, 2-CH2), 4.8 (dd, H'/H6), 3.9 (m, H2/H') and 3.4 (m, H3/H4), relative intensities of the latter signals 0.9: 1.0: 0.9. The samples were not purified further (by preparative GLC) in order to prevent tnermal isomerization." However, reliable corrections of the 70eV m a s spectra (Table 2) have been made by subtracting the k n~w n~~ mass spectra of the corresponding 1,4-diphenylbutanes.
1-(7-
The 1-phenyl-2-tolylethanes 3-5 were synthesized by a Wittig reaction of the corresponding tolualdehyde and benzyl triphenyl phosphonium bromide in ethanol to give the appropriate stdbene derivative which was hydrogenated by diimide r e d u c t i~n .~~
The synthesis of the unknown deuterated compounds 3a-5a was carried out as described for the para isomer (5a). According to a procedure given for the preparation of unlabelled benzyl b r~m i d e ,~~ paraformaldehyde (4.75 g, 52.8mrnol) and finely powdered dry NaBr (19.6g, 190mmol) were suspended in a mixture of [d,] benzene (9.5 g, 113 mmol) (Merck) and glacial acetic acid
(8.8ml). The mixture was stirred vigorously and refluxed while a mixture of H,S04 (27.8 g, 96%) and glacial acetic acid (14.1 mi) was added over a period of 4 h. The mixture was refluxed for another 14 h with stirring. After cooling water was added, the resulting oií was separated, and the water phase was extracted with benzene. The combined organic fractions were washed with water, 5% sodium carbonate, again with water and dried over magnesium sulfate. After evaporation of the benzene, the distillation af€orded 14. According to a procedure given for styrylpyridines;l the labelled phosphonium salt (6.85 g, 15.6 mmol) was dissolved in a freshly prepared solution of sodium ethoxide from sodium metal (0.30g, 13mmol) in dried ethanol under N, atmosphere. 4-Methylbenzaidehyde (1.43 g, 11.9 m o l ) (or a corresponding isomer) was added with vigorous stirring. Stirring was continued for 50 h, and the mixture was poured on irn/water and extracted with ether. After fiitration of some precipitated phosphine oxide the combined extracts were washed with aqueous bisulfite and water and dried over anhydrous magnesium suifate. The ether was removed and the residue recrystai- Deuterium contents of 3a, 4a and 5a ( AHf(heptafulvene) = 50 kcal mol-';54 this value possibly represents a lower limit. 
